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1, INTRODUCTION 

With the development of nanofabrication technology and the advent of nanomaterials, 
many nanostructured devices been directed toward the development of gas sensor fabrication [1-4]. 
Historically, metal oxide semiconductor is preferred due to its response towards target gases, consequently 
increases the conductivity of the junction [5-8]. However, it requires high working temperature during the 
gas sensing operation. Recent years, the carbon nanomaterials have shown the unique properties in term of 
electrical, mechanical and optical in the area of gas sensing thus replacing the other well-established 
nanomaterials [4, 9-12]. 

Many authors have revealed the nanostructured Schottky diode demonstrated a lower reverse 
breakdown voltage in I-V characteristics [13-15]. This is due to the grains and sharp edges of the 
nanostructured surface, which produce strong local electric fields. The induced local electric fields at the 
sharp edge of nanostructures at the interface are a function of reverse bias voltage for a Schottky diode. 
Experimentally, Singh et al. [10] observed this phenomenon with Graphene/Silicon Schottky Diode. 
The device exhibited a high reverse bias dependent gas detection sensitivity, which enables molecular 
adsorption on its surface to alter the graphene/Si interface barrier height. 

Herein, the Schottky diode based devices using p-Si as a substrate with nanocrystalline graphite 
(NCG) are demonstrated for the application of methane gas sensing at room temperature. Methane gases are 
harmful to the environment especially towards human health, if overexposure takes place [11]. Reviews have 
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shown that carbon-based nanomaterials are a convenient material at room temperature sensing applications 
[4, 12]. NCG has been described in various structural forms with high surface to volume ratios which result 
in good capabilities for gas detection [13]. The response of the device towards different concentration of 
methane gas was investigated by monitoring the changes of I-V characteristics. The sensor device exhibits a 
dynamic response upon exposure with target gas which 1s verified by the current shift of the reverse bias in 
I-V characteristics. 


2. RESEARCH METHOD 

The NCG/p-Si are fabricated based on previous work [20, 21]. The 6-inch of a p-type silicon wafer 
with a resistivity of 19-21 Q.cm has been utilized for this work. The cleaning process of wafer started with 
using fuming nitric acid to eliminate organic impurities for 10 minutes. A layer of a SiO2 thickness of 200 nm 
was deposited using Plasma-enhanced Chemical Vapor Deposition at 350°C, then patterned using 
photolithography and Reactive Ion Etching. Subsequently, NCG film with 9nm-thickness was deposited onto 
the patterned wafer by using a PECVD process. The fabrication process flow of NCG/p-Si is described in 
Figure |. After the fabrication of the devices, the nanostructured material films were characterized by 
applying several techniques such as Field Enhanced Scanning Electron Microscopy (FESEM), Atomic Force 
Microscopy (AFM), and Raman spectroscopy. The materials characterizations results will be presented 
in detail. 
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Figure 1. The processing steps of the NCG/p-Si fabrication, (a)Cleaning process of the substrate, 
(b)Deposition of 200nm SiO, on p-Si using PECVD, (c)Spin coating the positive photoresist, (d) Mask 
alignment and exposure to the UV light, (e)Develop the pattern, etching the uncovered S102 using RIE, 

(f)Deposition of NCG using PECVD process 
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3. RESULTS AND ANALYSIS 
3.1. Material characterization 

Figure 2 shows the AFM scan of the three dimensional (3D) surface morphology NCG thin films 
deposited on $iQO2/p-Si substrates. The surface of NCG thin film is composed of having root-mean-square 
(RMS) surface roughness of approximately 1.1 to 2.8nm, which is believed to have a significant effect on gas 
interaction. The NCG film was examined using FESEM at 70k magnifications in Figure 3 to obtain the 
surface images which reveal a good agreement with other comparable films to indicate the nano-graphitic 
crystallites [15, 16]. Raman spectrum reveals the existence of the G band (1596 cm‘) and D band 
(1353 cm") in Figure 4, assigned to the sharp graphitic and amorphous carbon, respectively. The ratio of I, 
(4.13 a.u) and /p(9.66 a.u) peaks, gives an indication of the grain size, L, using (1) which yields a value of 
1.88nm for this film [17]. 


La = 4.4nm (2) (1) 


where [, and [p is the intensity at the G and D band, respectively. 
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Figure 2. AFM 3D images of as-deposited NCG Figure 3. FESEM image of a NCG thin film 70K 
thin films on S102/p-Si magnification with field emission gun at 1OkV anda 


working distance of 15.7mm 


Intensity (a.u) 


2D 





1500 2000 2500 3000 
Raman shift (cm”) 


Figure 4. A Raman spectrum of the deposited NCG on a p-Si substrate 


3.2. Electrical and Gas Sensing Characterization 

Figure 5 shows the I—V characteristics of the device in ambient air with various concentrations of 
methane, CH (25%, 50%, 75% and 100%) at room temperature. In the reverse bias, the fabricated sensor 
exhibits a lateral current shift, meanwhile, the forward bias operation remains similar to all exposure of CH, 
gas. This result is almost identical to the finding reported by Shafiei et al. [13], which has the same reverse 
bias operation for Schottky diode gas sensing. Using metal-semiconductor theory, the Schottky I-V 
characteristics in the forward and reverse operations are given by (2) and (3) [24]. 
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I; = SA*T2exp (=n) exp (Se) for V,; > 3kT/q (2) 


Ip = SA*T*exp (— eee “inl s) Sin ins)) for Vp > 3kT/q (4) 
where J, 1s the forward current, [pis the reverse current, S is the Schottky contact area, A* is the effective 
Richardson constant, T is the absolute temperature, q is the charge constant, n is the ideality factor, V; is the 
forward bias voltage, @, is the barrier height, €, is the electric permittivity of SiOz, k is the Boltzmann 
constant and €,, is the electric field at the interface of metal/semiconductor. €,, is a function of the reverse 
bias voltage Vp which is expressed by (4) [8], 


Em = {4 (IVel + Poi - <) (4) 


ES 


where w,,; 1s the built-in voltage and N, is the number of dopant in the silicon substrate. The changes in 
reverse barrier height, O,(rzy) of the sensor can be calculated by combining (3) and (4). Assuming the 
dominations of Vp > 5V over the Schottky barrier, thus Vp >> wW,; —(kT/q) [19]. 








IR _ q9b(REV) qa i 
In (—45) RT +7 Ve a (5) 
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By plotting InUp/SA*T7) versus |Vp |°/4 in Figure 6, the value of 0, rey) can be found by extracting 
the y-intercept of this plot. The value of O,;rzy) ranges from 0.58-0.53 eV upon exposure to a various 
concentration of CH, as represented in Table 1. 
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Figure 5. Plots of I-V characteristic of NCG/p-Si Figure 6. Plots of In(Ip/SA*T2) versus |Vp| /4 of 
Schottky junction based sensor measured at air NCG/p-Si Schottky junction based sensor measured at 
ambient and towards 25%, 50%, 75% and 100% 0%, 25%, 50%, 75% and 100% methane concentration 
methane concentration at room temperature at room temperature 


Table 1. The reverse Barrier Height, 0, gzy) of NCG/p-Si Schottky Junction with 
Various Concentrations of CH, at Room Temperature 


CHy (%) Dncrevy(eV) 
air ambient 0.58 
25 0.56 
50 0.56 
75 0.54 
100 0.53 
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Table 1 indicates the reduction of reverse barrier height when the device exposed to a higher 
concentration of CH, gas. This phenomenon indicates the adsorption and desorption of gaseous molecules 
into the surface of the thin film will influence the electrical properties of the devices. It was found that the 
oxygen ions already exist at the grain boundaries due to the reaction with Oxygen molecules from the 
surroundings of the metal surface. During the reaction, CH, undergoes dissociative adsorption and 
consequently yielding CH3 or H on the metal surface. Subsequently, these species will react with the 
chemisorbed ionic oxygen, which resulting additional negative charge carriers to the grain boundaries and 
increases the current through the junction [1]. 


4. CONCLUSION 

In this paper, the I-V characteristic of the NCG/p-Si were examined under different methane gas 
concentration at room temperature. The response of the device towards methane gas shown in the reverse 
bias where the large current shift produced by the device. The value of @p:pgy) extracted from the plot 


of n(Ip/SA*T*) = — qOpcrevy/kT + (ga/kT)|Vp|'/4, shows the reduction of @p(ggy) when exposed to a 
higher concentration of CH4 gas. CH, gas adsorbed at the metal surface thus generates negative charge 
carriers that increases the reverse current density. 
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